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The role of the conserved DExH motif of the Japanese encephalitis virus (JEV) NS3 protein in the ATPase and RNA helicase
activities was compared with that of the hepatitis C virus (HCV) NS3 protein. In the DExH motif of JEV NS3, Asp-285 and
Glu-286 were essential for both ATPase and RNA helicase activities. Cys-287 was critical for the RNA helicase activity of JEV
NS3 but not for ATPase activity. A His-288-to-Ala substitution in the DExH motif of HCV NS3 resulted in an increase in ATPase
activity which was suppressed by poly(U). In contrast, alanine substitution at the same site in JEV NS3 did not increase basal
ATPase activity which remained to be stimulated by poly(U). Thus, the mutational effect at His in motif II was different in the
HCV and JEV NS3 proteins. Mutagenesis at His-288 of JEV NS3 revealed that His was the most preferable amino acid for
ATPase activity and Ala, Gly, Asn, Gln, Ser, or Arg could partly substitute for it. However, any other mutation at His-288
completely disrupted the RNA helicase activity of JEV NS3. The results suggest that Cys-287 and His-288 are essential
residues especially for the RNA helicase activity of JEV NS3 and the ATPase and helicase activities are separable enzymatic
functions. © 2000 Academic Press
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Japanese encephalitis virus (JEV) is an enveloped RNA
virus which belongs to the genus of flavivirus within the
family Flaviviridae. This family also includes the genera
pestivirus and hepatitis C virus (HCV). Among flavivi-
ruses, JEV is biologically and genetically classified into a
mosquito-borne virus cluster (Poidinger et al., 1996) and
is a causative agent of human central nervous diseases
such as meningitis and encephalitis (Misra et al., 1998).
JEV has a positive, single-strand RNA genome of approx-
imately 11 kb encoding a single message which is trans-
lated into a precursor polyprotein. The precursor polypro-
tein is further processed by cellular and viral proteases
to yield three structural proteins and at least seven non-
structural proteins; NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5 (Linares et al., 1989; Chambers et al., 1990;
Preugschat et al., 1991; Wengler and Wengler, 1991; Yamsh-
chikov et al., 1997).
Sequence alignment of NS3 proteins of flaviviruses,
pestiviruses, and HCV has indicated that the proteins
have highly conserved sequence motifs of serine pro-
teinase, nucleoside triphosphatase (NTPase), and RNA
1 To whom correspondence and reprint requests should be ad-
ressed at Department of Virology II, National Institute of Infectious2
iseases, Toyama 1-23-1, Shinjuku-ku, Tokyo 162-8640, Japan. Fax:
1-3-5285-1161. E-mail: tmiyam@nih.go.jp.
0042-6822/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
316helicase (Gorbalenya et al., 1989; Lain et al., 1990; Koo-
nin, 1991; Schmid and Linder, 1992; Kadare and Haenni,
1997). For several flaviviruses and HCV, serine protein-
ase activities are located within about one-fourth of the
N-terminal domain of the NS3 proteins (Bazan and Flet-
terick, 1989; Chambers et al., 1990; Preugschat et al.,
1991; Tomei et al., 1993; Shoji et al., 1995; Suzuki et al.,
1995). The remainder of the C-terminus of NS3 contains
typical sequence motifs responsible for NTP binding,
NTP hydrolysis, and RNA unwinding. The NTPase/heli-
case domain of the NS3 protein of flaviviruses has at
least seven conserved motifs (I, Ia, II, III, IV, V, and VI; Fig.
1) and is classified into the DExH protein subfamily of the
helicase superfamily II (Gorbalenya et al., 1989; Koonin,
1991; Kadare and Haenni, 1997). In fact, RNA-stimulated
NTPase activity was identified in the NS3 proteins of
flaviviruses, pestiviruses, HCV, and hepatitis G virus
(HGV) (Wengler and Wengler, 1991; Suzich et al., 1993;
amura et al., 1993; Warrener, et al., 1993; Takegami et
l., 1994; Gwack et al., 1995; Jin and Peterson, 1995; Kim
t al., 1995, 1997a; Hong et al., 1996; Kuo et al., 1996;
allinari et al., 1998; Laxton et al., 1998). To date, RNA
elicase activity has been demonstrated for the NS3
roteins of viruses of the family Flaviviridae, such as
ovine viral diarrhea virus, dengue virus, JEV, HCV, and
GV (Kim et al., 1995; Warrener and Collett, 1995; Tai et
l., 1996; Gwack et al., 1999; Li et al., 1999; Utama et al.,
000). The NTPase, RNA binding, and RNA helicase
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317MUTATIONAL ANALYSIS OF JEV RNA HELICASEactivities of flavivirus NS3 are thought to be involved in
the transcription and/or replication of the viral genome.
However, the precise biological functions of such enzy-
matic activities in viral replication remain obscure (Ka-
dare and Haenni, 1997).
Motif II of DExH proteins is one of the most important
sequence motifs presumably involved in NTP hydrolysis.
In particular, the histidine moiety is well conserved
among DExH proteins and is thought to participate in the
linkage between NTP hydrolysis and RNA binding. In this
study, we targeted amino acid substitutions in motif II
(Asp-Glu-Ala-His, DEAH) of the recombinant JEV NS3
protein and compared the ATPase and RNA helicase
activities of wild and mutant proteins. The kinetic prop-
erties associated with wild and mutant proteins of JEV
NS3 were also studied. Moreover, to compare the muta-
tional effect in motif II of JEV NS3 with that of HCV NS3,
the corresponding motif of HCV NS3 (Asp-Glu-Cys-His,
DECH) was also mutated and the ATPase activity of each
mutant was characterized in the absence or presence of
poly(U).
RESULTS
Expression and characterization of the NTPase
activity of truncated JEV NS3 proteins
To examine the NTPase and RNA helicase activities of
wild and mutant JEV NS3, we subcloned the C-terminal
domain of the protein into an Escherichia coli overex-
pression system. By using a recombinant plasmid, trun-
cated NS3 protein was obtained (NS3JEV-DEAH(wild)).
SDS–PAGE analysis indicated that the purified protein
was 54 kDa (Fig. 2A). The purified NS3JEV-DEAH(wild)
protein had RNA-stimulated ATPase activity (Fig. 2B). In
FIG. 1. The structure of the JEV genome and conserved motifs in t
responsible for NTPase and RNA helicase activities in the last three-
substituted in this study, are also shown.the presence of poly(U), the optimal pH of NS3JEV-DEAH
(wild) was 6.5, and the optimal concentration of MgCl2 (ornCl2) was 2 mM (data not shown). Kinetic analysis
howed that the most prefered NTP substrate for
S3JEV-DEAH(wild) was GTP in the presence or ab-
ence of poly(U) (Table 1). Based on the kcat/Km values,
which can be used to estimate the specificity of en-
zymes, the substrate preference for NTPs with poly(U)
was in the order GTP . ATP . CTP . UTP, which is
almost identical to the previously reported order for the
full-length his-NS3 protein (GTP . ATP . UTP . CTP)
(Kuo et al., 1996). Thus, further experiments were done by
sing the truncated JEV NS3 protein.
utagenesis of Asp and Glu in the DExH motif of JEV
S3 protein
Critical roles of Asp and Glu residues in the DExH
otif in the enzymatic and/or biochemical functions have
een reported for DExH family RNA helicases (Gross and
human, 1995, 1998; Wardell et al., 1999). To examine the
functional significance of Asp-285 and Glu-286 of the JEV
NS3 protein, an alanine substitution was introduced to
each residue. The mutant proteins, NS3JEV-AEAH and
NS3JEV-DAAH, were purified in a similar manner to the
wild-type protein (Fig. 2A, lanes 2 and 3). Both mutations
abolished the ATPase activities in the presence or ab-
sence of poly(U) (Fig. 2B) and also completely inhibited
the RNA helicase activities (Fig. 3). These results indi-
cated that residues Asp-285 and Glu-286 were critical for
the ATPase and helicase activities of the JEV NS3 protein
as they were for HCV and other DExH proteins (Gross
and Shuman, 1995, 1998; Wardell et al., 1999).
Mutagenesis in the x residue of the DExH motif of
the JEV NS3 protein
ase/helicase region. There are seven conserved motifs presumably
of the C-terminus of the JEV NS3 protein. The amino acid residues,he NTPWe then examined the effect of different amino acids
introduced into the x residue of the DExH motif. Coomas-
wild-type and mutant JEV NS3 proteins (0.04 mg protein/50 ml) were
assayed by colorimetric assay at varying concentrations of poly(U).
Note. NTPase activity was measured by standard assay as described un
Concentrations of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 mM of each substrate wer
318 UTAMA ET AL.sie staining of the gel indicated that the mutant proteins,
NS3JEV-DECH, NS3JEV-DEGH, and NS3JEV-DESH, were
all about 54 kDa (data not shown). In the absence of
poly(U), basal ATPase activities of DECH and DEGH
proteins were 60 and 11% of that of the wild-type enzyme,
DEAH, respectively (Fig. 4A). However, the basal ATPase
activity of NS3JEV-DESH was approximately twofold
higher than that of the wild-type without poly(U). In the
presence of poly(U), the ATPase activities of the DEAH
(wild), DECH, and DEGH proteins were stimulated four-,
three-, and sixfold, respectively. On the other hand,
DECH, DEGH, and DESH mutants lost all RNA helicase
activity (Fig. 5).
Mutagenesis in the x residue of the DExH motif of
the HCV NS3 protein
We then introduced the same mutation into the x
position in the DExH motif of HCV NS3 and examined the
mutational effect. The corresponding Cys residue was
Type JEV NS3 Protein
With poly(U)
)
Km
(mM21)
kcat
(min21)
kcat/Km
(min21 z mM21)
0.85 6 0.055 740 6 34 880 6 18
3.1 6 0.26 1600 6 41 500 6 18
0.64 6 0.010 810 6 16 1300 6 9.2
3.5 6 0.025 670 6 4.4 200 6 0.015
FIG. 3. RNA helicase activities of wild-type and mutant JEV NS3
proteins. The assay was performed as described under Materials and
Methods with 4 pmol of each purified protein. The reaction mixture was
analyzed by 10% native polyacrylamide gel electrophoresis and the
autoradiographic pattern was visualized. Boiled dsRNA substrate was
used as a positive control.FIG. 2. Purification of wild-type and mutant JEV NS3 proteins. (A)
SDS–PAGE analysis of the wild-type and mutant JEV NS3 proteins. The
purified proteins (1 mg/lane) were subjected to 10% PAGE and Coomassie
blue staining. Lane M, molecular weight marker; lane 1, wild-type NS3JEV-
DEAH; lane 2, NS3JEV-AEAH mutant; lane 3, NS3JEV-DAAH mutant. (B)
The ATPase activities (pmol phosphate/min/pmol protein) of the purifiedTABLE 1
Substrate Specificity of Wild-
Substrate
Without poly(U)
Km
(mM21)
kcat
(min21)
kcat/Km
(min21 z mM21
ATP 0.69 6 0.035 150 6 6.8 210 6 1.6
CTP 1.0 6 0.014 110 6 1.0 110 6 2.2
GTP 0.53 6 0.014 190 6 2.4 360 6 14
UTP 1.3 6 0.026 57 6 0.80 43 6 0.27der Materials and Methods at varying concentrations of substrate.
e used for measurement in the absence or presence of poly(U).
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319MUTATIONAL ANALYSIS OF JEV RNA HELICASEmutated to either Gly or Ser. As shown in Fig. 4B, the
NS3HCV-DEGH mutant had a basal ATPase activity that
was nearly identical to that of the wild-type NS3HCV-
DECH, but the poly(U)-stimulated ATPase activity of wild-
type enzyme was fourfold higher than that of the
NS3HCV-DEGH mutant. In contrast, the ATPase activity
of the NS3HCV-DESH mutant was approximately fivefold
higher than that of the wild-type enzyme in the absence
of poly(U) (Fig. 4B). The basal ATPase activity was stim-
ulated about twofold by the addition of poly(U).
Mutagenesis of histidine in the DExH motif of JEV
and HCV NS3 proteins
To confirm the previous findings with the HCV NS3
mutant proteins and to compare the mutational effect
with that of JEV NS3, an alanine substitution was intro-
duced to His in the DExH motif of HCV NS3 or JEV NS3.
The resultant two mutant proteins, NS3HCV-DECA and
FIG. 4. ATPase activity of JEV and HCV NS3 mutants carrying a
substitution at the x position in the DExH motif. Each bar represents the
average and standard error from three independent determinations. (A)
The ATPase activity (pmol phosphate/min/pmol protein) of the purified
wild-type (DEAH) and mutant JEV NS3 proteins was determined in the
absence (open bars) or presence (closed bars) of 10 mM poly(U). (B)
The ATPase activity of the wild-type (DECH) and mutant HCV NS3
proteins.NS3JEV-DEAA, were purified in a similar manner to the
wild-type NS3 proteins (data not shown). As shown inFig. 6B, the HCV-DECA mutant had a sixfold higher
TPase activity than the wild-type DECH protein in the
bsence of poly(U). The ATPase activity of HCV-DECA
utant was reduced to 26% in the presence of poly(U). In
ontrast, the His-to-Ala mutagenesis in the DEAH motif
f JEV NS3 resulted in a level of ATPase activity almost
dentical to that of the wild-type enzyme in the absence
f poly(U) (Fig. 6A). The ATPase activity of the JEV-DEAA
rotein was stimulated by poly(U), but the magnitude of
he poly(U) stimulation (twofold) was less than that for
he wild-type enzyme (fourfold).
In the absence of poly(U), the kcat/Km value of the
JEV-DEAA mutant was 57% of that of the wild-type JEV
NS3 protein, while the value of the HCV-DECA mutant
was more than sixfold higher than that of the wild-type
enzyme of HCV NS3 (DECH) (Table 2). Poly (U) stimulated
the kcat/Km value of the JEV-DEAA mutant (fivefold). The
oly(U) stimulation of the kcat/Km value of the JEV-DEAA
utant mainly depended on the Km value reduced by
poly(U). On the other hand, the kcat/Km value of the HCV-
DECA mutant was significantly suppressed by poly(U).
Poly(U) reduced the apparent kcat of the mutant HCV-
ECA protein. These findings indicated that the His-to-
la substitutions in motif II in both NS3 proteins caused
haracteristic changes in the RNA-stimulated ATPase,
hile the mutational effect was different.
utagenesis of histidine in the DExH motif of JEV to
9 other amino acids
To analyze the effect of the histidine side chain on the
TPase and RNA helicase activities of the JEV NS3 pro-
ein in more detail, we introduced 18 amino acid substi-
utions, along with the alanine substitution, into His-288
n the DExH motif. Equivalent amounts of each purified
utant protein were visualized by SDS–PAGE analysis
data not shown). As shown in Fig. 7, the ATPase activi-
FIG. 5. RNA helicase activity of JEV NS3 mutants carrying a substi-
tution at the x position in the DExH motif. The assay was performed
with 4 pmol of each purified protein.
320 UTAMA ET AL.ties of DEAV, DEAL, DEAI, DEAM, DEAF, DEAW, and
DEAP mutants were less than 5% of that of the wild-type
DEAH protein in the presence of poly(U). Thus, the sub-
stitution of His-288 with a potent hydrophobic residue
(Val, Leu, Ile, Met, Phe, Trp, or Pro) resulted in a signifi-
cant loss of ATPase activity. The basal ATPase activity of
DEAG or DEAA was mostly identical to that of the wild-
FIG. 6. The effect of a His-to-Ala substitution on the ATPase activity
of JEV and HCV NS3 proteins. Each bar represents the average and
standard error from three independent determinations. (A) The ATPase
activity of the purified wild-type and DEAA mutant proteins of JEV NS3
was determined in the absence (open bars) or presence (closed bars)
of 10 mM poly(U). (B) The ATPase activity of the wild-type and DECA
mutant proteins of HCV NS3 was determined in the absence or pres-
ence of 10 mM poly(U).
T
Kinetic Parameters of Wild-Type and Hi
Origin Motif II
Without poly(U)
Km
(mM21)
kcat
(min21)
JEV DEAH (wild) 0.69 6 0.035 150 6 6.8
DEAA 2.3 6 0.060 270 6 8.4
HCV DECH (wild) 0.11 6 0.0025 48 6 0.36
DECA 0.15 6 0.0036 420 6 5.0 2900 6type enzyme; however, the RNA-stimulated ATPase ac-
tivity was decreased to only 50% of RNA-stimulated
DEAH. In the presence of poly(U), the mutant proteins,
DEAR, DEAS, DEAN, and DEAQ, exhibited 10–30% the
ATPase activity of the wild-type enzyme and DEAK,
DEAD, DEAE, DEAT, and DEAC mutants less than 10%.
Although all of these mutant proteins showed a reduced
ATPase activity compared to the wild-type enzyme the
ATPase activities were still stimulated by poly(U) (Fig. 7).
A substitution at His-288 with Ala, Gly, Asn, or Gln re-
sulted in a decreased but obvious ATPase activity, how-
Mutant Proteins of JEV and HCV NS3
With poly(U)
t/Km
z mM21)
Km
(mM21)
kcat
(min21)
kcat/Km
(min21 z mM21)
1.6 0.85 6 0.055 740 6 34 880 6 18
0.57 0.30 6 0.00045 180 6 1.9 590 6 5.5
6.7 0.20 6 0.0021 310 6 2.5 1500 6 3.2
FIG. 7. Mutational effects of the histidine residue in the DEAH motif
of JEV NS3 on ATPase activity. Each bar represents the average and
standard error from three independent determinations. The ATPase
activity of the purified wild-type (DEAH) and 19 mutant proteins of JEV
NS3 was determined in the absence (open bars) or presence (closed
bars) of 10mM poly(U).ABLE 2
s-to-Ala
kca
(min21
210 6
120 6
430 637 0.63 6 0.022 170 6 3.7 280 6 3.5
h
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321MUTATIONAL ANALYSIS OF JEV RNA HELICASEever, the mutant proteins (DEAA, DEAG, DEAN, and
DEAQ) did not possess any detectable RNA helicase
activities (Fig. 8, Table 3). Any other mutagenesis at
His-288 of the JEV NS3 proteins disrupted the RNA he-
licase activity (data not shown). The results indicate that
the histidine residue in motif II of the JEV NS3 protein is
essential for its RNA helicase activity and the most pref-
erable amino acid for the ATPase activity.
DISCUSSION
The purification and characterization of recombinant
JEV NS3 proteins have been reported (Takegami et al.,
1994; Kuo et al., 1996). Kuo et al. characterized the NTP-
ase activity of full-length NS3 proteins purified from in-
clusion bodies expressed in E. coli BM15(pREP) cells. In
the present study, the truncated forms of wild and mutant
JEV NS3 proteins were purified directly from soluble
fractions expressed in E. coli BL21(DE3)pLysS cells. The
truncated NS3JEV-DEAH(wild) protein showed a level of
NTPase activity similar to that reported previously. By
using the simplified purification method, we have re-
cently identified and characterized the RNA helicase
activity of the JEV NS3 protein (Utama et al., 2000).
In this study, we demonstrated that the substitution of
Ala-287 with Cys, Gly, or Ser in motif II did not signifi-
cantly reduce the ATPase activity of JEV NS3 (Fig. 4A), but
completely disrupted the RNA helicase activity (Fig. 5,
Table 3). Previous mutational analysis at a correspond-
ing residue (Cys) in motif II of the HCV NS3 protein
showed contradictory results. Kim et al. indicated that a
Cys-to-Gly substitution inhibited the poly(U)-stimulated
ATPase activity but a Cys-to-Ser substitution completely
disrupted both ATPase and helicase functions of HCV
FIG. 8. Mutational effects of the histidine residue in the DEAH motif
of JEV NS3 on RNA helicase activity. The assay was performed with 4
pmol of each purified protein.NS3 (Kim et al., 1997b). On the other hand, Wardell et al.
demonstrated that a Cys-to-Ser substitution of full-lengthHCV NS3 protein resulted in almost full ATPase activity
and a reduced helicase activity (20% of the wild-type
enzyme) (Wardell et al., 1999). In our present study, we
showed that the DESH mutant protein of HCV NS3 ex-
hibited stronger ATPase activity than the wild-type en-
zyme in the presence and absence of poly(U). For the
ATPase activity of the DESH mutant protein of HCV NS3,
our results supported the findings described by Wardell
et al. (Wardell et al., 1999). The mutation at Cys-292 to Ser
of HCV NS3 abolished (Kim et al., 1997b) or decreased
(Wardell et al., 1999) the helicase activity. The substitu-
tion at the same site of JEV NS3 to Cys, Gly, or Ser
completely disrupted the RNA helicase activity (Fig. 5,
Table 3). Ala-287, along with His-288, is likely to be
involved in putative conformational change of the cata-
lytic site for the RNA unwinding induced by the binding of
ATP to motifs I and II.
Recent crystallographic analyses showed that the
HCV NS3 helicase is folded into three structural domains
(domains 1, 2, and 3) and clearly separated by interdo-
main clefts (Yao et al., 1997; Cho et al., 1998; Kim et al.,
1998). In the HCV NS3 crystal structure, Asp and Glu in
motif II (DECH) interact with a negatively charged Lys in
motif I (GSGKT). The Glu and His in motif II (DECH) form
a hydrogen bond network with each other and are pre-
sumably involved in binding Mg21 to make a complex
with b and g phosphates of the ATP molecule. In the HCV
elicase structure, the histidine moiety in motif II is
ocated at the rim of the interdomain cleft between do-
ains 1 and 2, facing a side chain of Gln in motif VI
QRRGRTGR) across the cleft. The interdomain interac-
tion between the side chains of His and Gln may play an
important role in the ATP hydrolysis during putative con-
formational change of the nucleotide binding pocket af-
ter binding of the protein with a polynucleotide cofactor
TABLE 3
Effect of Mutagenesis in Motif II of JEV NS3 Protein on ATPase
and RNA Helicase Activities
Protein
ATPase activity (%)a
RNA helicase activity
(%)bWithout poly(U) With poly(U)
EAH (wild) 100 390 100
EAH ,1 ,1 ,1
AAH ,1 ,1 ,1
ECH 61 160 ,1
DEGH 11 72 ,1
DESH 220 260 ,1
DEAA 93 190 ,1
DEAG 90 220 ,1
DEAN 36 89 ,1
DEAQ 35 94 ,1
a The activity of wild-type protein without poly(U) was set at 100%.
b The amount of labeled RNA was quantified using MacBAS software(Fuji Photo Film, Tokyo). The activity of the wild-type protein was set at
100%.
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322 UTAMA ET AL.(Kim et al., 1998; Wardell et al., 1999). As shown in Fig. 6,
the replacement of His with Ala in motif II resulted in
unique characteristic changes in the ATPase activity of
the proteins. For the HCV NS3 helicase, the His-to-Ala
mutant protein showed an increase in ATPase activity
compared with the wild-type enzyme and poly(U) re-
duced the ATPase activity of the mutant protein (Kim et
al., 1997b). For the vaccinia virus NPH II helicase, the
EVA mutant protein had fivefold higher ATPase activity
han the wild-type enzyme in the absence of a polynu-
leotide cofactor, and the ATPase activity was neither
timulated nor suppressed by ssDNA or ssRNA (Gross
nd Shuman, 1995). In this study, however, we demon-
trated that the ATPase activity of the DEAA mutant of
EV NS3 was identical to that of the wild-type enzyme in
he absence of poly(U) and remained stimulated by
oly(U). On the other hand, the alanine substitution at
is-288 completely abolished the RNA helicase activity
f JEV NS3. The result is similar to those obtained with
CV NS3 and vaccinia NPH II helicases (Gross and
human, 1995; Heilek and Peterson, 1997). The imidazole
ide chain of the histidine moiety in motif II may not be
ritical for basal ATPase activity of JEV NS3, but is es-
ential for its RNA helicase activity along with HCV NS3
nd NPH II helicases.
In the case of the JEV NS3 protein, His-288 is the
referable residue for the ATPase activity in the pres-
nce and absence of poly(U) (Fig. 7). Among 19 mutant
roteins, DEAV,, DEAL, DEAI, DEAM, DEAF, DEAW, and
EAP mutants showed relatively low ATPase activity
evels. The DEAV, DEAI, and DEAL mutants completely
lost the ATPase activity, but the DEAA and DEAG mutants
etained it, indicating that the bulk of the extra alkyl group
f Val, Ile, or Leu potently inhibited the enzymatic func-
ions. Together with the present results, these findings
ndicate that the property of the side chain at His-288 is
mportant to the ATP hydrolysis presumably to form an
dequate intramolecular interaction with residues in mo-
ifs I, III, and VI and the Mg21–ATP complex. The inter-
action with residues in the motifs may be more important
for RNA unwinding because no amino acid substitutions
at His-288 could compensate for the RNA helicase ac-
tivity of the wild-type enzyme.
Our results demonstrate the importance of the DExH
motif of both JEV and HCV NS3 proteins for their RNA
helicase and ATPase activities. Moreover, we outlined
the similarity and difference in the contribution of a
conserved histidine residue in the DExH motif to the
ATPase and RNA helicase activities of JEV and HCV NS3
proteins. In contrast to HCV, infectious cDNA clones
have been available for several flaviviruses. Therefore,
cDNA-derived mutant viruses having point mutations will
reveal the role of flavivirus NS3 proteins in viral replica-
tion. To elucidate the in vivo functions of viral RNA heli-
cases, and to address the contribution of each con-
served motif to the enzymatic activities, the results de-scribed here should prove useful for investigating the
effects of such mutations.
MATERIALS AND METHODS
Construction of recombinant plasmids
A cDNA fragment was amplified using a cDNA clone
derived from the Japanese JEV strain JaO0566 as a tem-
plate for PCR. PCR amplification was carried out using
the primers 59-TCG AAT TCC AGC GCC ATC GTG CAG-39
and 59-ACG TCG ACT CTC TTT CCT GCT GC-39 (gener-
ated restriction sites are underlined). The 1.4-kb PCR-
amplified DNA fragment was digested with EcoRI and
SalI and cloned into the corresponding restriction site of
pET-21b (Novagen Inc., Madison, WI). The expression
product of the plasmid contained 457 amino acids of JEV
NS3 with a vector-derived 16 amino acid flanking se-
quence at the N-terminus and 15 amino acids containing
a His-tag (histidine hexamer) at the C-terminus. The
amino acids are numbered from the first amino acid of
the NS3 protein.
To express the C-terminal domain of the HCV NS3
protein, a 1.4-kb PCR-amplified cDNA fragment was
cloned as described previously (Kim et al., 1995). PCR
was carried out using primers 59- GGG GAT CCG GTG
GAC TTT ATC CCT - 39 and 59-GGA AGC TTG CTC GTG
ACG ACC TC - 39 (BamHI and HindIII sites are under-
lined). The amplified fragment was digested with BamHI
and HindIII and cloned into the corresponding sites of
the pET-21b vector. In this study, we used a cDNA frag-
ment of HCV NS3 (HCV/NS3c) originally derived from a
prototype HCV cDNA clone (Genbank Accession No.
M62321). The HCV/NS3c clone had three nucleotide dif-
ferences compared with the reported M62321 sequence
within the entire NS3 region. Among the three nucleotide
differences, two were silent but one substitution (4340-T
to A) was associated with an amino acid change (Leu-
1333 of M62321 to His).
Expression and purification of the recombinant NS3
proteins
To express the recombinant NS3 proteins, E. coli
BL21(DE3)pLysS cells (Stratagene, La Jolla, CA) harbor-
ing wild or mutant plasmids were cultured at 37°C in
Luria–Bertani medium containing 100 mg of ampicillin/
ml. The recombinant proteins were induced by the addi-
tion of 0.3 mM isopropyl b-D-thiogalactoside (IPTG) when
he OD600 of the culture reached 0.3. After IPTG induction
at 37°C for 3 h, the wild or mutant NS3 proteins were
purified as described previously (Utama et al., 2000).
Purified wild-type JEV and HCV NS3 proteins were des-
ignated NS3JEV-DEAH(wild) and NS3HCV-DECH, re-
spectively. The protein concentrations were determined
by using a Micro BCA protein assay reagent kit (Pierce,
Rockford, IL) and the purity of the proteins was analyzed
G
(
N
i
(
2
a
p
w
3
D
N
m
l
v
c
M
t
m
R
b
d
(
t
C
G
G
G
G
G
G
323MUTATIONAL ANALYSIS OF JEV RNA HELICASEby sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE).
Site-directed mutagenesis in the DExH motifs of NS3
proteins
Site-directed amino acid substitutions were intro-
duced with a QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions
with minor modification as described previously (Utama
et al., 2000). For the JEV NS3 protein, either Asp-285 or
lu-286 of the DEAH motif was substituted with alanine
Fig. 1A). The resultant mutant proteins were designated
S3JEV-AEAH and NS3JEV-DAAH, respectively. Ala-287
n motif II of JEV NS3 was mutated to Gly, Ser, or Cys
NS3JEV-DEGH, NS3JEV-DESH, or NS3JEV-DECH). His-
88 in motif II of JEV NS3 was mutated to 19 other amino
cids (NS3JEV-DEAX, X 5 other amino acid). For the NS3
rotein of HCV, Cys-312 in the DECH motif was replaced
ith Gly (NS3HCV-DEGH) or Ser (NS3HCV-DESH). His-
13 in motif II of HCV NS3 was mutated to Ala (NS3HCV-
ECA).
TPase assay
The colorimetric NTPase assay was conducted by
easuring the amount of free phosphate moiety re-
eased from nucleoside triphosphate as described pre-
iously by Chan et al. with minor modifications (Chan et
al., 1986). Briefly, 50 ml per well of reaction mixture
ontaining 10 mM Mops buffer (pH 6.5), 2 mM NTP, 1 mM
gCl2 and purified recombinant NS3 protein was incu-
bated in a 96-well microtiter plate at room temperature
for 30 min. The reaction was stopped by adding 100 ml
per well of dye solution (water: 0.081% malachite green:
5.7% ammonium molybdate in 6 N HCl: 2.3% polyvinyl
alcohol 5 2:2:1:1, v/v). Five minutes after visualization,
color development was terminated by the addition of 25
ml per well of 30% sodium citrate. The absorbance at 620
nm with a reference wavelength of 492 nm was mea-
sured. The NTPase activities were described as pico-
moles of phosphate released/min/picomole of protein
and are indicated as averages of triplicate measure-
ments. The polynucleotides were purchased from Amer-
sham Pharmacia Biotech (Piscataway, NJ) and the con-
centrations are presented as the concentration (mM) of
nucleotide bases.
RNA helicase assay
dsRNA substrate for the RNA helicase assay was
prepared, and the assay conditions for the JEV NS3
helicase were optimized as described previously (Utama
et al., 2000). Briefly, 20 ml of the reaction mixture con-
aining 25 mM Mes (pH 6.0), 2 mM DTT, 2 mM MgCl2, 5
M ATP, 1.25 units of RNasin (Promega), 0.32 fmol of the
NA substrate, and the purified NS3 protein was incu-
ated at 37°C for 30 min. Then, 5 ml of loading buffer (100 HmM Tris–HCl (pH 7.4), 5 mM EDTA, 0.5% SDS, 50% glyc-
erol, 0.1% xylene cyanol, 0.1% bromphenol blue) was
added to terminate the reaction. A 10-ml volume of the
mixture was analyzed by 10% native polyacrylamide gel
electrophoresis. The autoradiographic pattern was ob-
tained and the labeled RNA was quantified using BAS
2000 Image Analyzing System (Fuji Photo Film, Tokyo,
Japan).
Kinetic analysis
Kinetic data of wild and mutant NS3 proteins were
analyzed with Lineweaver–Burk plots while the substrate
was added at concentrations of 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
and 2.0 mM. The Km values (Michaelis constant) were
etermined by regression analysis and the kcat values
turnover number) were derived from Vmax intersects of
he double reciprocal plots. The kcat/Km was represented
as catalytic efficiency.
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